Genome scans based on gene-centric single nucleotide polymorphisms (SNPs) have been proposed as an efficient approach to identify disease-causing variants that is complementary to scans based on tagging SNPs. Adopting this approach to identify low-penetrance susceptibility alleles for colorectal cancer (CRC) we analysed genotype data from 9109 gene-centric SNPs, 7014 of which were non-synonymous (nsSNPs), in 2873 cases and 2871 controls using Illumina iselect arrays. Overall the distribution of associations was not significantly different from the null. No SNP achieved globally significant association after correction for multiple testing (lowest P value 1.7 Â 10 À4 , rs727299). We then analysed the dataset incorporating information on the functional consequences of nsSNPs. We used results from the in silico algorithm PolyPhen as prior information to weight the association statistics, with weights estimated from the observed test statistics within predefined groups of SNPs. Incorporating this information did not, however, yield any further evidence of a specific association (lowest P value 2.2 Â 10 À4 , rs1133950). There was a strong relationship between effect size and SNPs predicted to be damaging (P ¼ 1.63 Â 10 À5 ), however, these variants which are most likely to impact on risk are rare (MAFo5%). Hence although the rationale for searching for low-penetrance cancer susceptibly alleles by conducting genome-wide scans of coding changes is strong, in practice it is likely that natural selection has rendered such alleles to be too rare to be detected by association studies of the size employed.
Introduction
Although inherited susceptibility is responsible for B30% of all colorectal cancers (CRC), 1 Mendelian forms of CRC account for at most 6% of cases. 2 Recent genome-wide association (GWA) studies have vindicated the hypothesis that part of the heritable risk of CRC is caused by common, low-risk variants. 3 -8 We have recently completed the largest and most comprehensive GWA study of CRC to date, involving 6780 cases and 6843 controls with the first phase based on genotyping 550 000 tagging single nucleotide polymorphisms (SNPs). 4 -8 To date 10 novel low-penetrance CRC loci have been identified through this study. Although such empirical GWA studies are not contingent on prior beliefs concerning candidate genes or pathways, and thereby have the ability to identify important variants in hitherto unstudied genes, the small effect size of individual associations and the need for stringent thresholds for establishing statistical significance inevitably limit power. The vast majority of SNPs map to non-coding regions of the genome outside conventional gene boundries.
Non-synonymous SNPs (nsSNPs), which alter the encoded amino-acid sequence, are proportionally less prevalent than synonymous SNPs; however, such SNPs are a priori more likely to have functional impact. Similarly, SNPs mapping within 5 0 and 3 0 untranslated regions of genes can directly impact on gene expression through differential transcription siRNA targeting or mRNA stability. Coupled with the observation that a high proportion of Mendelian susceptibility to disease is caused by coding sequence changes, these observations suggest that association studies formulated around a gene-centric approach may be a powerful strategy for directly identifying diseasecausing associations. 9 The value of association studies based on a genome-wide set of gene-centric SNPs as a complementary approach to GWA studies based on tagging SNPs has been demonstrated by recent findings in type 1 diabetes, Crohn's disease and ankylosing spondylitis. 10 Therefore, in parallel with our GWA study, we have conducted a genome-wide scan of gene-centric SNPs to search for novel CRC risk variants. To potentially empower our study we incorporated information on the predicted functional consequences of nsSNPs on expressed proteins into our analysis. were the spouses or unrelated friends of patients with malignancies. None had a personal history of malignancy at the time of ascertainment. All cases and controls were British Caucasians, and there were no obvious differences in the demography of cases and controls in terms of place of residence within the UK.
Methods

Subjects
The study was conducted with the ethics committee approval (MREC/98/2/67; MREC02/0/97) in accordance with the tenets of the Declaration of Helsinki and written informed consent was obtained from all subjects.
Genotyping DNA was extracted from EDTA-venous blood samples using conventional methodologies and quantified using PicoGreen (Invitrogen Corp., Carlsbad, CA, USA). We genotyped 11 498 SNPs from the WTCCC scan of 14 500 'nsSNPs' 10 using Illumina Infinium custom arrays according to the manufacturer's protocols. DNA samples with GenCall scores o0.25 at any locus were considered 'no calls'. A sample was deemed to have failed if less than 95% of SNPs genotyped for the sample. To ensure quality of genotyping, a series of duplicate samples were genotyped and cases and controls were genotyped in the same batches.
Bioinformatic analysis
Subsequent to genotyping, to investigate the classification of SNPs, we ran a batch query in dbSNP build 129 to extract mapping information for each SNP, including IDs of genes whose reference sequences fall within 2 kb upstream or 500 bp downstream of the SNP, and the functional class assigned to each SNP.
Incorporating information on the functional consequences of each nsSNP potentially provides a means of empowering sequence-based scans. To assess this as an adjunct to a conventional analysis we annotated the predicted effects of each nsSNP using the in silico algorithm, Polymorphism Phenotyping (PolyPhen) 13 and incorporated this information into our analyses. PolyPhen predictions assess the likely functional impact of aminoacid changes by considering evolutionary conservation, the physiochemical differences and the proximity of the substitution to predicted functional domains and/or structural features. We downloaded the full set of PolyPhen predictions for all human nsSNPs catalogued by dbSNP build 126 and merged these data with our results. PolyPhen prediction scores were classified into three categories: probably damaging, possibly damaging, benign and unknown (lack of appropriate data precludes prediction). The adequacy of the case -control matching and possibility of differential genotyping of cases and controls was formally evaluated using Q -Q plots of test statistics. The inflation factor l was calculated by dividing the mean of the lower 90% of the Armitage trend test statistic by the mean of the lower 90% of the expected values from a
The most efficient test of association depends on the true mode of inheritance of alleles. For example, test statistics calculated by combining the heterozygotes with the rare or common homozygotes and comparing these frequencies in cases and controls are most powerful under dominant or recessive modes of inheritance, respectively. As we do not know whether undiscovered non-synonymous variants are likely to function additively, dominantly or recessively, we based our analysis on the statistic w 2 ARD , the maximum of the three w 2 -statistics obtained from the Armitage trend, dominant and recessive tests, with corresponding P value P ARD . For a single SNP, this test statistic is not quite as powerful as the most efficient test were used, but when the mode of action is not known this loss of power is offset by the reduction in multiple testing. Risks associated with each SNP were subsequently estimated by trend, dominant or recessive odds ratios (ORs), dependent on the maximal mode of inheritance, using unconditional logistic regression; associated 95% confidence intervals (CIs) were calculated in each case. For SNPs mapping to the X chromosome, all analyses described were based on women only. Correction for multiple testing using a simple Bonferroni correction may be conservative due to the assumption of independence between tests. We therefore adopted an empirical Monte Carlo simulation approach based on 10 000 permutations, thus allowing for correlations due to linkage disequilibrium (LD) throughout the genome. At each iteration, case and control labels were permuted at random and the maximum test statistic max(w 2 ARD ) determined. The significance level for each SNP was estimated as the proportion of permutation samples, with max(w 2 ARD ) larger than the observed value. Familial cases may yield increased power to detect an association; we therefore conducted a separate analysis as described above but restricting to the 398 familial CRC cases.
To investigate the relationship between association with CRC risk and predicted functionality, we classified SNPs according to strength of the effect size OR ARD and predicted functionality and conducted logistic regression trend tests to examine the null hypothesis of no correlation between effect size and predicted functionality.
We then used the PolyPhen results as prior information to weight the association statistics, with weights estimated from the observed test statistics within predefined groups of SNPs, as previously described. 15 Two sets of groupings were considered: the first grouping was defined by the PolyPhen classification of probably damaging, possibly damaging, benign and unknown; the second grouping aimed to use the PolyPhen information more finely by dividing the SNPs into 10 approximately equally sized groups based on the raw PolyPhen score. A false discovery rate approach was used to adjust for multiple testing. 16 The power of our study to demonstrate an association for alleles with different MAFs was calculated assuming a multiplicative model. In all analyses we considered a P value of 0.05 as representing statistical significance, after adjustment for multiple testing where appropriate.
Results
We submitted 2873 cases and 2871 controls for genotyping. Of these, 9 cases and 16 controls failed to genotype and 11 cases and 34 controls were excluded for the following reasons: duplicated (8 cases, 2 controls); relatedness (2 cases, 18 controls); gender discrepancies (13 controls); and non-European ancestry (1 case, 1 control; Figure 1 ). Thus 2853 cases and 2821 controls were available for all further analyses. Genotype generated on each duplicate sample pairs showed 100% concordance.
Of the 11 498 SNPs for which genotyping was attempted, 10 008 (87.0%) were satisfactorily genotyped. Of the 10 008 SNPs satisfactorily genotyped, 899 SNPs were excluded from subsequent analyses for the following reasons: 123 (1.2%) were monomorphic; 9 (0.1%) showed extreme departure from HWE in controls; 40 (0.4%) had a call rate o95% and 727 (7.3%) had MAF o1%, leaving 9109 SNPs for analysis. The 92 SNPs that mapped to the X chromosome and satisfied quality control measures had similar allele frequencies in men and women with evidence of a difference at the 5% level observed for only one SNP (rs4830842; P ¼ 0.02). Figure 2 shows the MAF distribution of the 9109 SNPs. Although the distribution was skewed towards variants with low-frequency variants with 13% characterized by an MAF of o5, 53% of SNPs genotyped had MAFs 420% (Figure 2) .
We investigated the classification of all SNPs by extracting location information for each SNP by batch query of dbSNP build 129 (NCBI build 36.3). We found that of the 9109 SNPs analysed, 2095 SNPs, originally classified as non-synonymous and included in the WTCCC nsSNP study, had been subsequently remapped to intronic, 5 0 or 3 0 flanking regions of genes or no longer mapped to a gene.
Comparison of the observed and expected distributions under the Armitage trend test showed little evidence for inflation of the test statistic (genome control estimate of inflation, l ¼ 1.06; Figure 3 ). Furthermore, no evidence was found for differences in allele frequencies of SNPs between male and female controls as a source of potential confounding in subsequent analyses.
We analysed the data using the w Figure 4 shows the relationship between effect size (measured by OR, taking the reciprocal or ORs o1.0) and MAF for the 9109 SNPs; those SNPs characterized by low MAF tending to have a higher probability of conferring more substantive risks.
We next analysed the dataset incorporating information on the predicted functional consequences of nsSNPs using PolyPhen prediction data generated for 6682 of the 9109 SNPs. The majority of nsSNPs, 78% were predicted to be benign, 14% possibly damaging and 8% probably damaging. Using these data we compared the distribution of effect size (as measured by ORs) in the three PolyPhen prediction categories (Table 2) . Using the trend test, there was strong evidence of a relationship between increasing effect size and a PolyPhen prediction of the nsSNP being The first two principal components of the analysis were plotted. HapMap CEU individuals are plotted in blue; YRI are plotted in red; CHB þ JPT are plotted in green; individuals in this study are plotted in grey. The two individuals circled cluster close to the YRI group and were removed from further analysis. Seven SNPs predicted to be probably damaging showed an association with CRC risk at the Po10 -2 threshold (Table 3 ). The most significant association was attained with TNFRSF10A-H141R (OR ¼ 0.89, 95% CI: 0.83 -0.96, P ¼ 0.0015). Although an attractive candidate for a CRC susceptibility locus, given TNFRSF10A (tumour necrosis factor receptor superfamily, member 10A) is involved in the induction of apoptosis and its expression has been implicated in the progression of adenomas, 17 the association is non-significant after correction for within class multiple testing. We used PolyPhen predictive scores to weight the association statistics, defining groups for weighting firstly by the standard PolyPhen categorization (into four groups), and secondly by dividing the SNPs into 10 roughly equally sized groups based on the raw PolyPhen score. Neither grouping strategy yielded significantly stronger association signals from any individual group, so that the weights were approximately equal. Therefore, the incorporation of prior information as weights did not yield a sufficient increase in power to detect a positive result at the required threshold for statistical significance on a genome-wide basis; with the lowest P value attained at UTP23 K195Q (rs1133950; small subunit processome component, homologue, yeast; P ¼ 2.2 Â 10 -4 ). 
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Discussion
Genome-wide association studies have become a powerful tool to identify susceptibility variants for common diseases. Moreover, recent GWA studies have provided unambiguous evidence for the role of common lowpenetrance alleles in the aetiology of many malignancies including colorectal cancer. Such GWA studies have mainly made use of tagging SNPs to capture as much of the common genetic variation as possible. However, as the SNPs are generally not themselves candidates for causality, enumeration of the causal variant at a locus generally poses a significant challenge.
An alternative approach is to target sequence variation, which a priori, is more likely to impact on disease status. Genome-wide studies based on genotyping gene-centric or coding SNPs, therefore, provide an attractive complementary approach. Evidence that direct testing of coding variants can lead to the identification of disease-causing variants is provided by the observation that CHEK2-I152T 18 and CASP8-D302H 19 variants are associated with breast cancer risk. Although these observations were made through targeted approaches, they provide concrete evidence for the rationale. Rather than evaluate a restricted series of specific variants, we have sought to extend the approach to a genome-wide basis.
Adopting this approach the WTCCC has recently reported an association scan of 14 500 SNPs in four diseases resulting in the identification of novel variants for ankylosing spondilyitis. 10 Originally it was our intention to profile exclusively nsSNPs, and the 11 000 SNPs we analysed were selected from the 14 500 WTCC nsSNPs on the basis of array designability. However, after completion of genotyping we investigated the classification of these SNPs and those analysed by the WTCCC using dbSNP build 129 (NCBI build 36.3) and found that B20% of the SNPs originally classified as non-synonymous and included in the WTCCC nsSNP study had been subsequently remapped to intronic, 5 0 or 3 0 flanking regions of genes or no longer mapped to a gene. Therefore, although our study of 9109 SNPs provides a relatively comprehensive analysis of the relationship between common coding changes and CRC risk, we acknowledge that our evaluation of SNPs influencing gene expression through promoter/stability of mRNA is limited.
Accepting a limitation like this, we have examined for a relationship between gene-centric SNPs and risk of CRC in a large case -control dataset. Our analysis provides no evidence that such variation plays a major role in defining CRC predisposition. The WTCCC study of breast cancer similarly provided no statistically significant evidence for a relationship between nsSNP-defined variation and risk. 10 On the basis of these data, it could be asserted that the sequence-based genome-wide association studies are unlikely to be a profitable line of enquiry. Given that missense coding changes are the causal basis of over 50% of Mendelian disease 9 this conclusion, however, seems counterintuitive. Incorporating information on the functional consequences of each nsSNP potentially provides a means of empowering sequence-based scans by using this as prior information to upweight and downweight hypotheses. Although we were able to demonstrate a relationship between effect size and predicted functionality, applying this approach to our study did not yield a sufficient increase in power to detect an association; indeed, to achieve the levels of significance generally advocated for gene-based scans would have required extremely generous upweighting.
The relative risks of cancer associated with tagging SNPs identified through GWA studies are generally B1.1 -1.2. As the SNPs genotyped are generally not themselves candidates for causality, the effect of the causal variant will typically be larger than the association detected through a tagging SNP. As associations identified through sequencebased scans are more likely to be directly causal genotypic risks associated with SNPs may well be 41.2 a priori. Our study was well powered to detect alleles conferring relative risks (RR) of 1.2 provided MAFs were greater than 0.2 (80% power stipulating a P value of 5 Â 10 -6 ). Furthermore, even for alleles with frequencies of 5% we had good power for detection provided RRs were 41.5. Random surveys of SNPs have shown a non-uniform distribution of alleles, with the numbers of SNPs increasing with deceasing MAF. 20 This has been hypothesized to provide insight into the allelic architecture of disease susceptibility with functional SNPs skewed towards the lower end of the frequency distribution. 9 Alleles that are functionally deleterious will tend to be selected against and thus underrepresented at high frequencies. A tenet like this is supported by the observation of a relationship between putative functionality and MAF made by Leabman et al 21 Hence, the variants which are most likely to impact on cancer risk are probably rare variants (MAFo5%). Relatively common nsSNPs catalogued by dbSNP, may not therefore be the best basis for generating genome-wide scans for cancer susceptibility alleles. Evidence that cancer susceptibility is, in part, mediated through low-frequency nsSNPs (ie, B1%) is provided by the observations that heterozygosity for ATM 22, 23 and BRIP1 24 variants can influence cancer risk. Power to detect such variants by association is predicated on very large case -control series if more than a limited number of variants are analysed. In practice, it is likely that natural selection has rendered such alleles to be too rare to be detected by association studies of the size employed. These findings imply that a pathway-based candidate gene study based on Bayesian principles may be a more appropriate approach to detect a class of variant like this than screens of SNPs based on agnostic principles.
